Abstract: A micro-lens with an adjustable focal length (FL) is designed by using Graded Photonic Crystal (GPC) structures and a Polymer Dispersed Liquid Crystal (PDLC) material. The GPCs are formed by gradually changing the radius of the polymer rods in the Photonic Crystal (PC) with square lattices of polymer rods in the background of Liquid Crystals (LCs). The electrically tunable focusing characteristics of the micro-lens are investigated by loading a continuous voltage source to change the LC rotation angle. The sensitivity of the focal shift in terms of LCs tilting angle is 0.152 λ(nm/deg). Moreover, the effect of the defects and deviations on the focusing characteristics are also analyzed. This research is crucial for future applications of the proposed device in the integrated photonics and adaptive optics.
Introduction
The optical lens is an indispensable component for various optical setups and systems such as cameras, projectors and imagers. With advances in various technologies such as smartphones, virtual and augmented reality, and healthcare instruments, high performance lenses are in high demand. As pointed out by H Ren and ST Wu, adaptive lenses have a broad prospect in the future applications [1] . Different approaches have been explored to achieve tunable lenses. For example, meniscuses between water and oil were used as an optical lens; its focal length can be adjusted by varying the surface curvature [2] . Polymer micro-lenses can be tuned by using heat [3] . One fundamental challenge is that the spherical surface profiles of these lenses are inevitably accompanied by spherical aberrations. Lenses using liquid crystals (LCs) have been extensively utilized for beam steering and making lenses with adjustable liquid crystal lenses. LCs are great candidates for tunable lenses owing to their optical anisotropy and electrically tunable orientation. Numerous LC lens and micro-lens arrays are reported for 3D imaging and sensing system construction [4] , electrically switchable 2D/3D modes [5] , ophthalmic applications [6] , pico-projectors [7] , and optical zoom systems [8] . However, the lens manufacturing processes mentioned in these reports are complicated and are not conducive to large-scale manufacturing.
Graded Photonic Crystals (GPCs) consist of unit cells with spatially varying geometrical or material properties [9] . GPCs with engineered spatial gradients can be used in devices for focusing and guiding light [10] [11] [12] [13] [14] . The emerging fields of metasurfaces utilize nanoscale resonators or wave guides to fine tune the amplitude, phase and polarization of the optical fields, making possible various applications such as lensing, holography and beam shaping [15] [16] [17] [18] [19] [20] . Different methods have been employed in order to perform auto-focusing of light including electro-optical [2] , thermo-optical [3] , electro-mechanical [21] and acousto-mechanical [22] techniques. Among these techniques, LCs are considered to be good choices for electro-optical adaptive lens design since applying a control voltage gives rise to a dynamical tuning in the orientations of the LCs molecules, and consequently, the effective refractive index of the LCs changes based on the voltage levels [23] . LCs may also have great potential in adaptive optics implementations due to their simple electrooptical control, low control voltage, compactness, low power dissipation, and relatively low cost [24] . Combining LCs and GPCs can have both the advantage of precise wave front engineering and large tunability.
A micro-lens with adjustable focal length (FL) is designed, which is composed of GPCs and LCs. This design can be made quickly by a single-step interference-based approach [25] . The GPCs are kinds of square lattices with polymer rods in the background of LCs. The flexible polymer has a refractive index of n = 1.76 in the visible spectrum. The electrically tunable micro-lens not only has adjustable FL, but also has high fault tolerance.
Design of GPC Micro-Lens of Polymer Rods in the Air Background

Basic Structure
A PC structure with square lattices is considered and composed of polymer rods and air background. The GPC structure is formed by changing the rods size. The radius of the rods can be designed by the effective medium theory [26] . The unit cell of PC is shown in Figure 1a , where the rod is a polymer and the background are PCs. According to the Maxwell-Garnett effective medium theory, the equivalent dielectric constant of different polarization states can be given by the following formula [26] ,
where ε b is the dielectric constant of the background, ε rod is the dielectric constant of dielectric rod, F is the filling fraction of the polymer rods, i.e., F = πr 2 rod /a 2 , where a is lattice constant. Therefore, the radius of the rods can be expressed as [9] ,
TM lens can lead to a larger transmission bandwidth and better focusing characteristics compared with those of TE lens [27] . In this work, we mainly study the issue of TM polarization. A row of the GPCs is shown in Figure 1c . The effective index distribution of the GPC design is expressed as the equation
in which A = 2π/8r rod . The designed GPCs has an effective index distribution varying from n eff (y = ± 10a) = 1.22 to n eff (y = 0) = 1.62. The corresponding effective index and the radii of the rod distribution are depicted in Figure 1 . Considering Equations (1) and (2) and the effective refractive index distribution Equation (3), the radii of the GPC polymer rods can be calculated from r rod (y = ± 10a) = 0.1968a to r rod (y = 0) = 0.4964a. 
Model Creation
The structure schematic diagram of the GPCs is shown in Figure 2a -c. The GPCs are composed of 80 columns of the single layer structure. The main parameters of the structure include the effective refractive index distribution, the radii of the GPC polymer rods (were calculated in Section 2.1) and the lattice constant a = 150 nm. The incident light is parallel with the surface of the GPCs, as the color arrow shown in Figure 2b . The 3D schematic diagram of TM light irradiation to the micro-lens is shown in Figure 2a . The x-axis, is the direction of light propagation, and the green arrow expresses the direction of magnetic field vibration. There is no magnetic field component in the direction of the incident propagation. The focusing properties of GPCs can be obtained by observing the electric field distribution. The finite element method (FEM) is used for the simulation. As shown in Figure 2 , the left and right boundaries are set as port 1 and port 2, where port 1 is the excitation source with TM mode. 
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Focusing Characteristics
The electric field distributions of light from 450 nm to 1550 nm in the GPCs are calculated. All the electric field distributions are selected from the top surface of the GPC structure. The distance between the two focusing points in the structure is half-pitch (P/2). The light goes from the left side and is focused on the 1/4 pitch (P/4). The value of P/4 changes from in the range of 14.4a to 19.6a, as shown in Figure 3g . The intensity of the focusing point reaches the maximum at λ/a = 4. Figure 2d -f show the electric field distributions at λ/a = 3, 4 and 5, in which the half pitch between two focusing points are different and they are 30.00a, 35.24a and 34.94a, respectively.
The other boundaries are set to scattering boundary. The refractive indices of air and rods are set as 1 and 1.76, respectively. The whole model is divided by free tetrahedron with a specially refined mesh.
The electric field distributions of light from 450 nm to 1550 nm in the GPCs are calculated. All the electric field distributions are selected from the top surface of the GPC structure. The distance between the two focusing points in the structure is half-pitch (P/2). The light goes from the left side and is focused on the 1/4 pitch (P/4). The value of P/4 changes from in the range of 14.4a to 19.6a, as shown in Figure 3g . The intensity of the focusing point reaches the maximum at λ/a = 4. Figure 2d -f show the electric field distributions at λ/a = 3, 4 and 5, in which the half pitch between two focusing points are different and they are 30.00a, 35.24a and 34.94a, respectively. It can be predicted that if the thickness of the GPC lens is 1/4 pitch, the FL is 0. If there is only a single layer, the light will be focused at a long distance. The thinner the lens, the longer the FL.
Electrically Tunable Characteristics of PDLC Based GPC Micro-Lens
Principle
Based on the above GPC structure, we can obtain the PDLC micro-lens by replacing the air background with the LCs. The FL of the PDLC lens can be adjusted by changing the voltage, as the LC has electronic controlled birefringence effect. For TM polarization, the effective index of LCs can be expressed by the following equation [28] :
n n n = n cos θ + n sin θ (4) where θ is the rotation angle. The effective index of LCs molecules varies from nLC = n0 at θ = 0° to nLC = ne at θ = 90°. The rotation angle of LCs can be tuned with an external electric field exerted on Indium tin oxide (ITO) layers. The relationship between the tilting angle and the voltage can be expressed as
where VRMS is the normalized root mean square (RMS) voltage.
Electrically Tunable Micro-Lens
To operate as a focusing lens, the transverse and longitudinal dimensions of the designed GPCs are chosen as 8a and 21a, respectively. As an example, λ = 600 nm and a = 150 nm are selected for analysis. The simulation model is built in the same way as Section 2. The polarization diagram of incident light, the 3d and 2d diagrams of the simulation model are shown in Figure 3a -c, It can be predicted that if the thickness of the GPC lens is 1/4 pitch, the FL is 0. If there is only a single layer, the light will be focused at a long distance. The thinner the lens, the longer the FL.
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Principle
where θ is the rotation angle. The effective index of LCs molecules varies from n LC = n0 at θ = 0 • to n LC = n e at θ = 90 • . The rotation angle of LCs can be tuned with an external electric field exerted on Indium tin oxide (ITO) layers. The relationship between the tilting angle and the voltage can be expressed as
where V RMS is the normalized root mean square (RMS) voltage.
Electrically Tunable Micro-Lens
To operate as a focusing lens, the transverse and longitudinal dimensions of the designed GPCs are chosen as 8a and 21a, respectively. As an example, λ = 600 nm and a = 150 nm are selected for analysis. The simulation model is built in the same way as Section 2. The polarization diagram of incident light, the 3d and 2d diagrams of the simulation model are shown in Figure 3a -c, respectively. The simulation model consists of the rods, LCs and air. Their refractive indices of rods and air are 1.76 and 1. The refractive index of LCs is related to voltage, and its range is from 1.59 to 2.2.
As shown in Figure 4a , ITO glass is chosen as electrodes to change the voltage and adjust the LC refractive index. The effective index distribution of the designed lens is plotted in Figure 4b . The background is air or LCs with different rotation angles of θ = 0 • , 38 • , 90 • . To better observe the lens focusing tunability, the steady state electric field intensities for the above three angles are calculated and shown in Figure 4c ,e, respectively. A strong focusing effect is observed in the case of θ = 0 • (in the Figure 4c ) whereas the incident beam is not affected much inside the GPC medium when the rotation angle is set to θ = 38 • (Figure 4d ). The spatial electric field distribution in Figure 4d resembles a propagating beam that encounters a pure dielectric slab. While setting the rotation angle to θ = 90 • , the proposed configuration starts to operate as a diverging lens and thus, the propagating beam diverges inside the structure, as shown in Figure 4e . The simulation results imply that the focusing characteristic of the PDLC lens can be controlled by the LC orientation or voltage. respectively. The simulation model consists of the rods, LCs and air. Their refractive indices of rods and air are 1.76 and 1. The refractive index of LCs is related to voltage, and its range is from 1.59 to 2.2. As shown in Figure 4a , ITO glass is chosen as electrodes to change the voltage and adjust the LC refractive index. The effective index distribution of the designed lens is plotted in Figure 4b . The background is air or LCs with different rotation angles of θ = 0°, 38°, 90°. To better observe the lens focusing tunability, the steady state electric field intensities for the above three angles are calculated and shown in Figure 4c ,e, respectively. A strong focusing effect is observed in the case of θ = 0° (in the Figure 4c ) whereas the incident beam is not affected much inside the GPC medium when the rotation angle is set to θ = 38° (Figure 4d ). The spatial electric field distribution in Figure 4d resembles a propagating beam that encounters a pure dielectric slab. While setting the rotation angle to θ = 90°, the proposed configuration starts to operate as a diverging lens and thus, the propagating beam diverges inside the structure, as shown in Figure 4e . The simulation results imply that the focusing characteristic of the PDLC lens can be controlled by the LC orientation or voltage. Figure 5b . In Figure 5c ,e, the electric field intensity profiles at the three different rotation angles are represented to observe the focal point shift as well as the focusing power variations with respect to rotation angle changes. Figure 5b . In Figure 5c ,e, the electric field intensity profiles at the three different rotation angles are represented to observe the focal point shift as well as the focusing power variations with respect to rotation angle changes. respectively. The simulation model consists of the rods, LCs and air. Their refractive indices of rods and air are 1.76 and 1. The refractive index of LCs is related to voltage, and its range is from 1.59 to 2.2. As shown in Figure 4a , ITO glass is chosen as electrodes to change the voltage and adjust the LC refractive index. The effective index distribution of the designed lens is plotted in Figure 4b . The background is air or LCs with different rotation angles of θ = 0°, 38°, 90°. To better observe the lens focusing tunability, the steady state electric field intensities for the above three angles are calculated and shown in Figure 4c ,e, respectively. A strong focusing effect is observed in the case of θ = 0° (in the Figure 4c ) whereas the incident beam is not affected much inside the GPC medium when the rotation angle is set to θ = 38° (Figure 4d) . The spatial electric field distribution in Figure 4d resembles a propagating beam that encounters a pure dielectric slab. While setting the rotation angle to θ = 90°, the proposed configuration starts to operate as a diverging lens and thus, the propagating beam diverges inside the structure, as shown in Figure 4e . The simulation results imply that the focusing characteristic of the PDLC lens can be controlled by the LC orientation or voltage. Figure 5b . In Figure 5c ,e, the electric field intensity profiles at the three different rotation angles are represented to observe the focal point shift as well as the focusing power variations with respect to rotation angle changes. The sensitivity of the focal shift in terms of LCs tilting angle is ∆FL/∆θ = 0.152λ (nm/deg), which proves that vision correction and auto-focusing applications can be provided with such PDLC lens design. The FL varies linearly in a certain range of voltage, which provides a great convenience in the use of the lens.
The Effect of the Lens Defects and Deviations on Focusing Characteristics
In the process of making the lens, some defects cannot be avoided. In order to evaluate this effect of defects on the performance of the lens, the effect of the dielectric rods structure with defects and deviations are tested in this section. In order to facilitate data comparison, the values of λ and a are consistent with those in Section 3.
Three different cases of defects: (1) lacking of a row of rods on the edge, (2) lacking of a corner at the front and (3) lacking of a corner at the back. The schematic diagrams of defects in different cases are shown in Figure 6a ,c. The corresponding FWHM and FL variations based on the normalized RMS voltage are shown in Figure 6d ,e, respectively. As shown in these figure, a small defect has little effect on the performance of the lens. 
Three different cases of defects: (1) lacking of a row of rods on the edge, (2) lacking of a corner at the front and (3) lacking of a corner at the back. The schematic diagrams of defects in different cases are shown in Figure 6a ,c. The corresponding FWHM and FL variations based on the normalized RMS voltage are shown in Figure 6d ,e, respectively. As shown in these figure, a small defect has little effect on the performance of the lens. Figure 7e shows that the curve of the FL varies with the normalized RMS voltage. It can be seen clearly that the FL curve have an obvious differentiation of the different radii deviation greater than 8% and less than 6%. The FL curves of 6% radii deviation and the original almost coincide, i.e., the deviation within 6% does not affect the result. Figure 7e shows that the curve of the FL varies with the normalized RMS voltage. It can be seen clearly that the FL curve have an obvious differentiation of the different radii deviation greater than 8% and less than 6%. The FL curves of 6% radii deviation and the original almost coincide, i.e., the deviation within 6% does not affect the result. Therefore, it can be claimed that the studied PDLC lens system is robust to a small amount of defects and deviation within 6% that may arise during fabrication.
Conclusions
The PDLC-based electrically tunable micro-lens has been designed by using a GPC structure. The FL of the lens has a wide adjustable range and can be accurately controlled. The calculated results show that the FL in the visible spectrum can be tuned from 14.365a to 19.067a when the LC rotation angles change from 5° to 35°. The corresponding focal shift is   ΔFL Δθ = 0.152λ nm deg .
The slight edge defects and 6% radius deviations have little effect on the focusing characteristics of the lens. This investigation will provide theoretical guidance for developing the devices of near-field imaging, auto-focusing, integrated optical circuit and optical communication. Therefore, it can be claimed that the studied PDLC lens system is robust to a small amount of defects and deviation within 6% that may arise during fabrication.
The PDLC-based electrically tunable micro-lens has been designed by using a GPC structure. The FL of the lens has a wide adjustable range and can be accurately controlled. The calculated results show that the FL in the visible spectrum can be tuned from 14.365a to 19.067a when the LC rotation angles change from 5 • to 35 • . The corresponding focal shift is ∆FL/∆θ = 0.152λ (nm/deg). The slight edge defects and 6% radius deviations have little effect on the focusing characteristics of the lens. This investigation will provide theoretical guidance for developing the devices of near-field imaging, auto-focusing, integrated optical circuit and optical communication.
